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Introduction {#sec0005}
============

Due to the toxic properties of both phenol and chlorophenol, the efficient removal of these compounds from industrial aqueous effluents is of great practical significance for environmental protection. Because of the improper treatment of these materials, they have widely contaminated soil and groundwater, and their toxicity seriously affects living organisms. Once wastewater containing phenolic compounds is discharged into the receiving body of water, it endangers fish life, even at a relatively low concentration, e.g., 5--25 mg L^−1^.[@bib0170], [@bib0175], [@bib0180] After physical and chemical purification procedures, the phenol concentration is decreased to 0.3--0.4 g L^−1^.[@bib0185] For many years, activated sludge was used to change phenolic contamination.[@bib0185], [@bib0190], [@bib0195] Beside physical and chemical methods, biological methods for removal play an important role in wastewater management. To treat phenolic compounds, biodegradation techniques have recently been developed for their economical advantages and the low possibility of the production of byproducts.[@bib0195] Phenol is not readily degradable and can be very toxic to most types of microorganisms at sufficiently high concentration. Phenol can inhibit the growth rate, even among those species that have the metabolic capability of using it as a substrate for growth. Various phenol-degrading microorganisms have been extensively studied to develop and improve the technological processes of biodegradation. A number of studies with prokaryotic microorganisms have been carried out.[@bib0200], [@bib0205], [@bib0210], [@bib0215], [@bib0220] However, the use of such technology is confined due to phenolic toxic properties, especially 4-cholorophenol, for microorganisms. Some yeast strains are reported to have the capability of utilizing phenol.[@bib0185] Only some members of the yeast genera, including *Rhodotorula, Trichosporon*, and *Candida*, can metabolize phenolic compounds as the only source of carbon and energy.[@bib0210] Some *Rhodotorula* species show a significant capacity to degrade phenol, catechol, cresol, resorcinol, 3-methoxybenzoic acid and hydroquinones.[@bib0225] Basak et al.,[@bib0230] worked on the biodegradation of 4-chlorophenol using *Candida tropicalis* PHB5 by optimizing physicochemical parameters. It was found that the yeast was able to grow on 4-chlorophenol and metabolize this substrate.[@bib0230] Phalgune et al.[@bib0235] explained the process of phenol biodegradation by the yeast *C. tropicalis* NCIM 3556 in aqueous medium using DOSY NMR techniques. This test indicated that the phenol was completely degraded to carbon dioxide and water within approximately 20 h after incubation.[@bib0235] Hassanshahian et al.,[@bib0240] described the ability of two different yeast strains, *Yarrowia lipolytica* PG-20 and PG-32, in decomposing aromatic hydrocarbons.[@bib0245] Chandran and Das[@bib0250] isolated *C. tropicalis* from some oil contaminated soil that had high ability to produce biosurfactants capable of degrading diesel oil during ten days.[@bib0250] The coking plant of Zarand is located seven kilometers road from Zarand, in the province of Kerman, Iran. This factory has an area of 100 ha. There are many toxic pollutants in the wastewater of this coking plant, such as phenol, Ammonium (NH3), cresol, etc., but the main pollutant of this factory is phenol. The aim of this study was characterization of phenol degrading yeasts from the wastewater of this coking plant in Zarand, Kerman.

Materials and methods {#sec0010}
=====================

Sampling {#sec0015}
--------

For the isolation of phenol degrading yeasts, soil and wastewater samples were collected from the coking plant of Zarand (Kerman, Iran). The soil and wastewater samples were collected from three regions of this coking plant (37°30, N; 49°15, E). The soil samples were taken from 2 cm below the surface and wastewater samples were obtained from 1 cm below the surface. The samples were collected into sterile jars, placed on ice, and immediately transported to the laboratory for further analysis.

Total count of heterotrophic and degradative yeasts in the collected samples {#sec0020}
----------------------------------------------------------------------------

For the enumeration of heterotrophic and degradative yeasts in the collected samples, serial dilutions were performed in PDA (Potato Dextrose Agar) and BHMS (Bushnell Hass Mineral Salt) media, respectively. The plates were incubated at 30 °C. After two days, the numbers of grown colonies were counted.

Isolation of phenol-degrading yeasts {#sec0025}
------------------------------------

A synthetic Bushnell Hass Mineral Salts medium (BHMS) was used for the isolation of degrading yeasts. BHMS medium contained (g L^−1^): KH~2~PO~4~, 1; K~2~HPO~4~, 0.2; MgSO~4~·7H~2~O, 0.2; CaCl~2~, 0.02; NH~4~NO~3~, 1; NaCl~2~; and 2 droplets of 60% FeCl~3~. The pH was adjusted to 5/5--6. The BHMS medium was supplemented with 1% (v/v) phenol as the sole source of carbon and energy. To inhibit the growth of bacteria, 400 μL chloramphenicol (0.05% v/v) was added to the BHMS medium. A portion of the soil (5 g) or wastewater (5 mL) sample was added to 250 mL Erlenmeyer flasks containing 100 mL of the BHMS medium; the flasks were incubated for 10 days at 30 °C on a rotary shaker (INFORS AG, Germany) operating at 200 × *g*. Then, 5 mL aliquots were transferred to fresh BHMS medium. After a series of three further subcultures, inoculums from the flask were streaked out, and phenotypically different colonies were purified on Sabro dextrose agar medium.[@bib0240]

Growth rate and phenol biodegradation by the isolated strains {#sec0030}
-------------------------------------------------------------

Growth rate of the isolates were routinely assessed indirectly by turbidity measurement (O.D. at 600 nm) in a UV--visible spectrophotometer (Shimadzu UV-160, Japan). The phenol removal assay was carried out using 2,4 dichloro-quinon-4-chloroimide dyes (Gibb\'s reagent). By this method, 150 mL medium was centrifuged (6000 × *g* for 10 min), 30 mL Na~2~ HCO~3~ and 20 mL Gibb\'s reagent were then added to the supernatants, and the colors developed were read at 630 nm.[@bib0255]

Growth of the selected strains on different concentrations of phenol {#sec0035}
--------------------------------------------------------------------

The effect of different concentrations of phenol (50, 125, 200, 275 mg L^−1^) on the growth of selected yeast strains was measured. For this purpose, BHMS medium was supplemented with various concentrations of phenol. The flasks were incubated for 10 days at 30 °C on a rotary shaker operating at 180 rpm. Growth was routinely assessed indirectly by turbidity measurement (O.D. at 600 nm) in a UV--visible spectrophotometer (Shimadzu UV-160, Japan).

Measurement of emulsification activity and bacterial adherence to hydrocarbons (BATH) {#sec0040}
-------------------------------------------------------------------------------------

The emulsification activity (*E*~24~) was determined by combining equal volumes of hexadecane and cell-free culture broth, mixing them with a vortex for 2 min and leaving the mixture to stand for 24 h. The emulsification activity was calculated as the percentage of the height of the emulsified layer (mm) divided by the total height of the liquid column (mm). Measurement of the bacterial adhesion to hydrocarbon was performed as described by Pruthi and Cameotra.[@bib0260]

Molecular identification of selected phenol-degrading yeasts strains {#sec0045}
--------------------------------------------------------------------

Analysis of 18S rRNA was performed for the taxonomic characterization of isolated strains. Total genomic DNA was isolated from 20 mL of late-exponential-phase cells using the CTAB miniprep protocol for bacterial genomic DNA preparations.[@bib0265] PCR amplification of 18S rRNA genes was obtained using the general eukaryotic primers EukA (5-AACCTGGTTGATCCTGCCAGT-3) and EukB (5-TGATCCTTCTGCAGGTTCACCTAC-3).[@bib0270]

The amplification reaction was performed in a total volume of 50 μL. It consisted of 50 of template, 1× solution Q (Qiagen, Hilden, Germany), 1× Qiagen reaction buffer, 1 μM of each forward and reverse primer, 10 μM dNTPs (Gibco, Invitrogen Co., Carlsbad, CA), and 2.0 mL (and 2.0 U of Qiagen Taq Polymerase (Qiagen). Amplification for 35 cycles was performed in a thermacycler GeneAmp 5700 (PE Applied Biosystems, Foster City, CA, USA). The temperature profile for PCR was kept at 95 °C for 5 min (1 cycle), 94 °C for 1 min, 50 °C for 1 min, and 72 °C for 2 min (35 cycles); this was followed by the temperature of 72 °C for 10 min at the end of final cycle.

The 18S rRNA amplified was sequenced with a BigDye Terminator v3.1 cycle sequencing kit on an automated capillary sequencer (model 3100 Avant Genetic Analyzer, Applied Biosystems). Analyses of the 18S rRNA gene sequences were performed as previously described by Yakimov et al.[@bib0275] SIMILARITY_RANK from the Ribosomal Database Project (RDP)[@bib0280] and FASTA Nucleotide Database Query,[@bib0285] as available through the EMBL-European Bioinformatics Institute, were used to determine partial 18S rRNA sequences and estimate the degree of similarity to other 18S rRNA gene sequences.

Results {#sec0050}
=======

The quantity of heterotrophic and phenol degrader yeast in the collected samples {#sec0055}
--------------------------------------------------------------------------------

The quantity of heterotrophic and phenol degrader yeast was determined in wastewater and soil samples. The results are shown in [Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"}. As shown in these tables, soil samples has a larger number of phenol degrader yeasts in comparison to wastewater samples. All collected samples had phenol degrader, except one wastewater sample (sample No. 1) that had no yeast; this could be attributed to the high toxicity of xenobiotic compounds in this wastewater sample. The highest quantity for phenol degrader yeast was related to soil sample No.3 (50 × 10^4^ CFU mL^−1^).

Isolation and characterization of phenol degrading yeasts {#sec0060}
---------------------------------------------------------

Twelve phenol degrader yeasts were isolated from the collected soil and wastewater samples. Growth rate and the percentage of phenol degradation were measured for each isolated yeast. The results are shown in [Table 3](#tbl0015){ref-type="table"}. As can be seen, the K1, K2, K7 and K11 had the highest growth rate in the presence of phenol as the only energy and carbon source. Also these strains had high percentage of phenol degradation. The strain K11 had the highest phenol degradation among four selected yeast strains.

The effect of different concentrations of phenol on the growth rate of the selected yeast strains {#sec0065}
-------------------------------------------------------------------------------------------------

The effect of different phenol concentrations (50 mg L^−1^), (125 mg L^−1^), (200 mg L^−1^) and (275 mg L^−1^), on the growth rate of selected yeast strains was investigated. The results are illustrated in [Fig. 1](#fig0005){ref-type="fig"}. As shown, yeasts growth followed an increment pattern until 0.05 g L^−1^ concentration; then the growth rate was reduced and this reduction was continued to 0.2 g L^−1^ concentration and the minimum growth appeared in 0.275 g L^−1^ concentration. As shown in the [Fig. 1](#fig0005){ref-type="fig"}, three patterns could be seen in the growth of the selected isolated yeast. The first pattern was related to strain K2, which had the best growth in 0.05 g L^−1^ concentrations; however, when the concentration of phenol was increased, the growth of yeast was considerably reduced. The second growth pattern was related to the strain K7 and K1, which showed the maximum growth in 0.05 g L^−1^ concentration. In this model, an impalpable decrease of growth was seen when the concentration of phenol was increased; thus, the increase of phenol concentration had little impact on the growth. The third pattern was related to the strain K11, which had the maximum growth in 0.05 g L^−1^ concentrations; however, the growth of strain K11 was decreased in the high concentration of phenol; this was like the pattern observed in strain K2, but the slope was not steep decline, as in the case the strain K2. Overall, it could be concluded that by the increase in phenol concentration, the growth rate of yeast strains was decreased.

Phenol biodegradation by the selected yeast strains in different concentrations of phenol {#sec0070}
-----------------------------------------------------------------------------------------

The effect of the selected yeast strains on the biodegradation of phenol in the increased concentration of phenol was studied. The results are shown in [Fig. 2](#fig0010){ref-type="fig"}. As can be seen, the strain K11 had the highest phenol degradation (95%) among all selected yeast strains. However, this strain had low efficacy for the biodegradation of phenol in higher concentrations. The strain K2 had 91% degradation of phenol in 125 mg L^−1^ concentration; also, this strain removed 42% of phenol at 200 mg L^−1^, but, similar to strain K11, higher concentrations of phenol were not degraded by this strain. The overall pattern emerging in all four yeasts was that with increasing the concentration of phenol, biodegradation rate of phenol was decreased.

Emulsification activity (E24%) and BATH in the isolated yeasts {#sec0075}
--------------------------------------------------------------

The emulsification activity and bacterial adhesion to hydrocarbons (BATH) were examined for all isolated yeasts for the selected prevalent strains. The results for these two tests are shown in [Table 4](#tbl0020){ref-type="table"}. As can be seen, the selected isolated yeast strains had good emulsification and hydrophobicity. The best emulsification activity was related to strain K11, but the best hydrophobicity was seen in the strain K1. Totally, there was a direct relationship between emulsification activity and phenol biodegradation. This was because the yeast having high emulsification activity could act better in phenol biodegradation.

Molecular identification of prevalent phenol-degrading yeast strains {#sec0080}
--------------------------------------------------------------------

Molecular identification of the isolates was performed by amplifying and sequencing the 18S rRNA gene sequences and comparing them to the database of known 18S rRNA sequences. The results of the identification procedure showed that four isolated yeasts belonged to *C. tropicalis* strain K1, *Pichia guilliermondii* strain K2, *Meyerozyma guilliermondii* strain K7 and *C. tropicalis* strain K11. All sequences of four yeasts were submitted to the Genetic Sequence Database at the National Center for Biotechnical Information (NCBI). The gene bank IDs of these strains in NCBI are [HG798647](ncbi-n:HG798647){#intr0005}, [HG798648](ncbi-n:HG798648){#intr0010}, [HG798649](ncbi-n:HG798649){#intr0015} and [HG798650](ncbi-n:HG798650){#intr0020}. The phylogenic trees of these four isolated strains are illustrated in [Fig. 3](#fig0015){ref-type="fig"}.

Discussion {#sec0085}
==========

In a recent review, several yeast strains that can utilize aromatic hydrocarbons as the sources of carbon and energy are introduced. Chandran and Das[@bib0290] isolated five species of yeasts including *Cryptococcus laurentii*, *C. tropicalis*, *Rhodotorula mucilaginosa*, *Trichosporon asahii* and *Candida rugosa* from hydrocarbon-contaminated soil.[@bib0290] Jarboui et al.[@bib0225] isolated *R. mucilaginosa* from olive mill wastewater in Tunisia.[@bib0225] Karakaya et al.[@bib0295] isolated *R. mucilaginosa* from olive mill wastewater in Turkey.[@bib0295] In this study, phenol degrading yeasts were isolated from soil and wastewater of the cocking plant from Zarand, Kerman, with the condition of this ecosystem being consistent with ecosystems selected by other researchers.

For the identification of phenol degrading yeasts, many methods such as those based on biochemical tests and also, molecular methods based on 18S rRNA gene sequencing have been used. Liu et al.[@bib0300] identified *Trichosporon montevideens*e PHB5 by DNA sequencing from soil samples oilfield in China.[@bib0300] Bleve et al.[@bib0305] isolated 300 species of yeast from olive mill wastewater in Italy and identified them with molecular methods. These yeasts belonged to the species of *Rhodotorula*, *Pichia*, *Geotrichum*, *Saccharomyces* and *Candida*. Hassanshahian et al.[@bib0245] identified two *Y. lipolytica* strains PG-20 and PG-32 by 18S rRNA sequencing, as isolated from Persian Gulf.[@bib0245] Jarboui et al.[@bib0225] identified the yeast *R. mucilaginosa* as a phenol degrader isolated from Tunisia olive mill wastewater.[@bib0225] In this study, four phenol degrader yeast strains were isolated from wastewater and soil samples of a coking plant from Zarand, Kerman. These isolated strains belonged to these genera: *C. tropicalis* strain K1; *P. guilliermondii* strain K2; *M. guilliermondii* strain K7 and *C. tropicalis* strain K11. These isolated genera were in agreement with the results obtained by other researchers.

The effect of different phenol concentrations on the growth of yeast strains showed that when the concentration of phenol was increased, the rate of degradation was decreased. Varma and Gaikwad[@bib0310] studied the degradation of phenol (200 mg L^−1^) by *C. tropicalis* strain NCIM 3556, showing that this strain, in 16 h, reached the maximum degradation (96.28%) and after 48 h, the degradation was almost completed (99.88%).[@bib0310] Kaczorek et al.[@bib0315] concluded that the yeast strains of *Candida* and *Yarrowia* could degrade hydrocarbon (67--68%) without the addition of any surfactant.[@bib0315] Wang et al.[@bib0320] showed that increase in the concentration of phenol for *C. tropicalis* strain JH8 up to 200 mg L^−1^ caused complete degradation by this strain within 72 h.[@bib0215] Liu et al.[@bib0300] concluded that the yeast *T. montevideense* strain PHE1 well tolerated the toxicity of phenol concentrations above 2500 mg L^−1^.[@bib0300] In this research, the effect of different concentrations of phenol on the growth rate of yeast strains was studied. Three different patterns for maximum phenol degradation by yeast were observed. As in strain K2, when the concentration of phenol was increased, the yeast growth was decreased dramatically. This could be attributed to the toxicity of phenol for this strain. In the second model (strain K7), with increasing the concentration of phenol, the reduction of yeast growth was observed. In the third pattern, the growth was decreased when the concentration of phenol was increased and accommodation was not like the second pattern. The general principle of reducing growth with increasing the concentration of phenol can be seen in the current study. It has been pointed out by other researchers, and our results are also consistent with the results obtained by other researchers.

Hassanshahian et al.[@bib0240] found that two yeasts of *Y. lipolytica* strains PG-20 and PG-32 had high cell surface hydrophobicity and could dramatically reduce the surface tension. In addition, these strains had the sufficient level for emulsification activity based on hydrocarbon substrates.[@bib0245] Amaral et al.[@bib0325] Studied the emulsification activity of a wild Brazilian *Y. lipolytica* and found this strain had high level of emulsification activity in pH = 3--5.[@bib0325] Hasanshahian and Emtiazi[@bib0330], [@bib0335], [@bib0340], [@bib0345] described a direct correlation between cell surface hydrophobicity and the degradation of alkanes in crude oil degrading bacteria isolated from the Persian Gulf.[@bib0330] Kaczorek et al.[@bib0315] described a relationship between cell surface hydrophobicity of *Candida maltose* and hydrocarbon degradation.[@bib0315], [@bib0350], [@bib0355], [@bib0360], [@bib0365] In the present research, cell surface hydrophobicity and emulsification activity of phenol degrading yeasts showed that the yeasts with more cell surface hydrophobicity also had higher phenol degradation capability. On the other hand, these yeasts had more emulsification activity. To conclude, the results of this study showed a direct correlation between cell surface hydrophobicity and emulsification activity, similar to other studies. By using these phenol degrader yeast strains in the wastewater of the coking plant in Zarand, Kerman, it would be possible to decrease phenol contamination in this factory.
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![The effect of different concentrations of phenol on the growth of selected yeast strains.](gr1){#fig0005}
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![Phylogenetic tree of 18S rRNA sequences of the yeast isolates obtained from Persian Gulf. The tree was constructed using sequences of comparable region of the 18S rRNA gene sequences available in public databases. Neighbor-joining analysis using 1000 bootstrap replicates was used to infer tree topology. The bar represents 0.002% sequence divergence. Sequenced data showing the location of isolated yeast strains.](gr3){#fig0015}

###### 

Enumeration of heterotrophic and phenol degrader yeast in collected wastewater samples from coking plant of Zarand at Kerman.

  Wastewater   Quantity of phenol degrader yeast (cfu mL^−1^)   Quantity of heterotrophic yeast (cfu mL^−1^)
  ------------ ------------------------------------------------ ----------------------------------------------
  1            0                                                1 × 10^5^
  2            17 × 10^4^                                       28 × 10^5^
  3            50 × 10^4^                                       1 × 10^4^

###### 

Enumeration of heterotrophic and degrading yeasts in collected soil samples from coking plant of Zarand at Kerman.

  Soil samples   Quantity of phenol degrader yeast (cfu mL^−1^)   Quantity of heterotrophic yeast (cfu mL^−1^)
  -------------- ------------------------------------------------ ----------------------------------------------
  1              6 × 10^5^                                        50 × 10^5^
  2              40 × 10^5^                                       6 × 10^5^
  3              55 × 10^5^                                       15 × 10^5^

###### 

Growth rate and phenol biodegradation by phenol degrading yeast.

  Isolate yeast strain   Growth (O.D. at 600 nm)   The percentage of phenol biodegradation (%)
  ---------------------- ------------------------- ---------------------------------------------
  K1                     0.633                     87
  K2                     1.674                     91
  K3                     0.308                     52
  K4                     0.343                     57
  K5                     0.315                     28
  K6                     0.344                     48
  K7                     1.509                     79
  K8                     0.241                     42
  K9                     0.240                     38
  K10                    0.128                     32
  K11                    0.509                     95
  K12                    0.300                     54

###### 

Emulsification activity and percentage of cell surface hydrophobicity of isolated yeast strains.

  Yeast strain   BATH (%)   Emulsification activity (E24%)
  -------------- ---------- --------------------------------
  K1             74         48.5
  K2             70         27.2
  K3             8          13.6
  K4             18         9
  K5             0          16.3
  K6             0          18
  K7             66         36.6
  K8             0          18
  K9             0          36
  K10            0          8
  K11            68         63
